Abstract We investigated excavation and nest site choice across sediment-filled cavities in the ant Temnothorax albipennis. Colonies were presented with sediment-filled cavities, covering a spectrum from ones that should be quick to excavate but will form a weak enclosing wall to those that should be slow to excavate but form a strong wall. Overall, colonies only showed a significant preference for cavities that were fastest to excavate over those that were slowest. The speed of decision making and moving appears paramount over the suitability of the sediment for forming an enclosing wall. The mechanism behind the choice is the differential between the rates at which alternatives are excavated and accumulate ants. The rates for a particular type of cavity were unaffected by the type with which it was paired. This suggests that there is no significant competition between sites during the decision-making process. Certain colonies were able consistently to discriminate across more closely matched alternatives. These colonies required a greater number of ants to be present and took longer before beginning to move. A race is run between alternatives to become habitable but the process may be tuned across colonies such that it may run for longer and an incorrect or split decision is less likely.
Introduction
Animals may modify their environment adaptively, for example by creating a nest. Such behavior can be considered as a type of extended phenotype (Dawkins 1999) and, if there are consequences for other organisms, a form of ecosystem engineering (Jones et al. 1994) . The majority of research in this area has focussed on the adaptive benefits of modifying the environment but increasingly attention is given to the salient parameters that influence the initial decision as to where and what to modify and how these decisions are made. This is particularly the case for social insects and experimental studies on the influence of climatic variables on where to excavate a nest (Bollazzi et al. 2008 ) and how they modify their nests in response to environmental cues (Kleineidam and Roces 2000; Roces 2007, 2010a, b) .
In addition to climatic parameters, animals may make decisions about where to site their nest based on properties of different substrates. Examples range from mammals (Kinlaw 1999; Walker et al. 2007 ) to birds (Schepps et al. 1999; Yuan et al. 2006; Heneberg 2009 ), marine invertebrates (Dashtgard et al. 2008 ) and insects (Brockmann 1979; Potts and Willmer 1997; Aleksiev et al. 2008) . These choices often appear to be based on the degree of sediment compaction with animals excavating their nests in sediments that are neither too compact nor too loose (Brockmann 1979; Heneberg 2009 ). However, these studies on the influence of sediment properties are largely
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Ants create complex nests (Wilson 1971; Camazine et al. 2001; Cassill et al. 2002; Hansell 2005) and, through such nest excavation, may be considered as archetypal ecosystem engineers, adaptively modifying their environment in ways that can affect other species (Folgarait 1998; Jouquet et al. 2006; Meyer et al. 2011; Sosa and Brazeiro 2012) . Experimental studies on ants have shown that the architecture of the nest may be influenced by the structure of the sediment (Toffin et al. 2010; Minter et al. 2012 ) but what mechanisms do the ants use to choose where to site a nest and what strategies do they use for choosing among alternative potential nest sites? The rock ant, Temnothorax albipennis, provides an ideal model experimental system to begin to identify salient parameters and mechanisms that govern ant nest excavation behavior. In nature, colonies of T. albipennis inhabit flat cavities in rocks and this can be replicated in the laboratory by accommodating them within cavities made from a cardboard gasket sandwiched between two microscope slides (Franks et al. 1992; Franks and Deneubourg 1997) . Furthermore, in their natural crevices within rock strata, T. albipennis ant colonies either build a perimeter wall out of granular debris or excavate loose sediment.
The majority of previous experimental field and laboratory research on nest site choice in social insects has focussed on decisions involving empty nests (Seeley and Buhrman 2001; Franks et al. 2003a Franks et al. , b, 2006 Franks et al. , 2008 Robinson et al. 2009 ). T. albipennis ants have been found to be able to assess and weight characters such as floor area, cavity height, entrance width, and darkness in making their choice (e.g., Franks et al. 2003a Franks et al. , b, 2006 Franks et al. , 2008 Robinson et al. 2009 ). In empty cavities, scouts can freely assess such features with some being weighted more heavily than others (Franks et al. 2003b) . A colony-level choice emerges through the individual decisions of scouts to begin recruiting to a particular cavity. Recruitment is through tandem running, whereby the recruiting ant leads a follower to the new nest site (Möglich 1978) . In this sense, there can be a race between alternatives in terms of scouts recruiting ants to the different nests until a critical number of ants inside one of the cavities, known as the quorum threshold (Pratt et al. 2002) , is reached. Once the quorum threshold is exceeded, the ants begin to transport the brood and remaining ants and queen to the chosen nest site. Colonies can tune the quorum threshold and trade off the speed and accuracy of a decision depending on conditions (Franks et al. 2003a) . It is currently debated as to whether the recruitment stage is implemented through direct comparison by individuals between nest sites, the latency for an ant to begin recruiting, or by a simple threshold rule. According to this rule, an ant either begins to recruit to a particular nest or continues to search for another nest depending on whether it passes an internal quality threshold (Mallon et al. 2001; Pratt 2005; Pratt et al. 2005; Robinson et al. 2009 Robinson et al. , 2011 . Experiments with radio frequency identification-tagged ants found that direct comparison was not necessary for choices to emerge (Robinson et al. 2009 ). It was also suggested that the latency to begin recruiting observed in experiments with a single new nest (Mallon et al. 2001 ) could arise through the ants rejecting a poor nest and searching for some alternative (although one was not present; Robinson et al. 2009 Robinson et al. , 2011 .
The above studies have identified methods involved in decision making based upon static attributes of alternative empty nest cavities. Previous research on sediment-filled cavities and excavation in T. albipennis (Aleksiev et al. 2008) has shown that colonies excavated and moved into nest cavities filled with coarse-grained sediment over those filled with fine-grained sediment or a mixture of the two; however, they showed no preference between cavities filled with fine-grained sediment and those with a mixture of coarse-and fine-grained sediment. Colonies began excavating at each of the alternative sites but they tended to move into the cavities filled with coarse-grained sediment because they could be excavated more readily. However, in related experiments on wall construction, it was found that the ants prefer to build walls comprising both coarse-and finegrained sediment; possibly to promote an increased packing density and hence the mechanical strength and structural integrity of the wall (Aleksiev et al. 2007a, b) . The nest excavation experiments (Aleksiev et al. 2008) were not designed explicitly to investigate whether colonies preferred to excavate and move into nest cavities that were quicker to excavate compared to those in which the sediment would form a strong enclosing wall. Crucially, the mechanism behind the decision-making process was not studied directly. This is because the rates of excavation were ascertained from nest cavities in isolation (Aleksiev et al. 2008 ) as opposed to in combination. In the latter, it would be possible to examine any effects that the presence of one nest had on the other.
The principal aim of this study was to investigate the choices made by colonies of T. albipennis when presented with various combinations of cavities that ranged from those filled with sediments that should be quick to excavate but form a weak enclosing wall to those that should be slow to excavate but form a strong enclosing wall. The experiments were designed to answer the following questions. Are the ants' choices based on the suitability of the sediment for forming an enclosing wall, given that they build a mixed wall when presented with such an opportunity (Aleksiev et al. 2007a, b) , or are the choices based on the ease with which a nest can be excavated (Aleksiev et al. 2008) , because, for example, getting the colony to safety is paramount? This study was also designed to elucidate the mechanism behind the decision-making process by examining the rates at which sediment is excavated and ants accumulate within the cavities when they are in combination. We also set out to examine whether certain colonies perform better than others in being able to discriminate between alternatives and, if so, how this is achieved.
Methods

Collection and culturing of study species
We collected 12 queen-right colonies (colonies A1 through A6 and B1 through B6; median size=239.5 workers, Q 1 =206.8, Q 3 =262.5) of T. albipennis in February 2009 from Dorset, UK. Colonies were cultured in nests (see SendovaFranks and Franks 1993 ) comprising a cavity 50 mm wide, 35 mm deep and 1.6 mm high, and an entrance 2 mm wide and 7 mm deep. Colonies were cultured in a continuous light cycle and were provided with a water supply and fed once a week with Drosophila melanogaster and honey solution. They were not allowed access to food or water during the experiments.
Nest choice experiments
Binary choice experiments were used to investigate the ability of T. albipennis to discriminate and select between alternative potential sediment-filled nest cavities and to determine what their choice was based upon. We developed "wall-less" nest cavities for use in these experiments (Fig. 1) . This was because ants tend to excavate at the interface between the walls and sediment rather than within the sediment in walled nests (N. J. Minter, personal observation) and so it would deprive the ants of the full opportunity or necessity to assess the sediment for its suitability as an enclosing wall. A recess, 10×10 mm, was formed in the front edge of the sediment. T. albipennis has been shown preferentially to select or construct nest cavities where each worker has an area of 5 mm 2 (Franks et al. 1992 (Franks et al. , 2006 and so the recesses provided a nucleus for excavation but required further excavation to be habitable for the whole colony. We used Ballotini™ (Potters Ballotini Ltd, Yorkshire, UK) as the sediment. Ballotini™ are solid glass balls that are perfectly spherical and rounded. They were sieved in to the following grain size fractions: 1,000-850, 850-600, 600-425, 425-180, and 180-45 μm. These were then combined in different proportions to produce samples of sediment with the same grain size range and mean grain size but with four different degrees of sorting: very well sorted (V), well sorted (W), moderately sorted (M), and poorly sorted (P). The degree of sorting of a sediment increases with decreasing heterogeneity of the sample, although the numeric sorting value decreases. It is calculated using the equation for inclusive graphic standard deviation, σ, from Folk and Ward (1957) :
where ϕi represents the grain size (measured in ϕ units, i.e., the −log 2 of the grain diameter measured in millimeters) of the ith percentile in the grain size distribution for the sample. (Table 1) . Wet grains stick together and so dry sediment was used throughout the experiments to ensure that the ants were excavating the cavities grain-by-grain. Nest cavities filled with better-sorted sediments should be easier and quicker to excavate because the majority of grains are of one size, the packing density is low, and porosity and permeability are high due to the presence of large pore spaces between grains; however, this also means that they would Each removable sidewall has a handle and the front sidewall has a square protrusion in the middle and on the opposite side to the handle so that a recess is left behind in the sediment.
The sediment was added after this and the top microscope slide secured. b Sidewalls were removed leaving a "slab" of sediment sandwiched between the two microscope slides that was accessible on all sides and had a square recess in the front side make a weak enclosing wall. More poorly sorted sediments give better mechanical strength and structural integrity because they have greater proportions of different grain sizes, high packing density, and low porosity and low permeability due to fine grains filling in the pore spaces between coarse grains; although this means that they will also be harder and slower to excavate. If there is a trade-off between the ease of excavation and the suitability of a sediment as an enclosing wall, then they would be predicted to choose cavities depending on the specific combination.
Along the Dorset coast, colonies of the rock ant T. albipennis are found nesting in flat cavities and crevices within carbonate sedimentary strata of the Jurassic Portland Stone and Purbeck Limestone formations. Contrary to the majority of ants, they do not excavate subsurface nests within soil profiles. These cavities may be filled with sediment that represents the in situ weathering products of the parent rock. As such, the nature of the parent rock is important for what type of sediment will be encountered within a cavity. The Portland Freestone Member of the Portland Stone Formation largely consists of very well-to wellsorted oolitic limestones (Coe 1996) . Ooids are spherical nonskeletal carbonate grains formed of concentric layers of carbonate around a detrital nucleus. They have a uniform size distribution with a maximum diameter of 2 mm. Ooids are produced in warm shallow seas and require constant agitation for the precipitation of carbonate in concentric layers. However, within the Portland Freestone Member, there are also more moderately to poorly sorted bioclastic carbonates formed of variably sized grains of shelly material and very fine-grained carbonate mud (Coe 1996) . At the base of the overlying Purbeck Formation are the "Dirt Beds" and "Caps" (Coe 1996) . The "Caps" consist of moderately to poorly sorted sediments comprising small ostracods and gastropods and very fine-grained carbonate mud, together with layers of microbially laminated carbonate. Between the "Caps" are a number of "Dirt Beds", which represent fossilized soils and these are overlain by evaporite deposits (Coe 1996) . These changes in rock type represent a shallowing upward sequence from shallow marine to lagoonal and interto supratidal environments. It occurs over a vertical distance of a couple of meters. The oolitic limestones of the Portland Freestone Member will weather to produce well-to very well-sorted sediments, while the other rock types will yield more poorly sorted sediments. The ants are therefore likely to encounter cavities containing sediments with differing degrees of sorting within their habitat.
The experiments were conducted in an arena measuring 220×220×22 mm. The two experimental nest cavities and the currently occupied nest were placed equidistant from one another. The experimental cavities were filled with sediment with differing degrees of sorting. They were photographed so that they could be compared visually with standardized grain size sorting charts to confirm the degree of sorting. Emigrations were initiated by removing the top microscope slide and walls from the currently occupied nest. Cardboard covers were placed on top of each of the experimental nests during the experiments. Excavation progress and the number of ants in each experimental cavity were recorded by taking photographs each hour for the first 6 h and at 24 and 48 h after the experiment began. Initial choices were deemed to have been made when brood items were first moved into a cavity. Final choices were identified as when all brood items and the queen had been moved into one or both experimental nest cavities. Experiments ran for 48 h. Colonies that had brood in both experimental cavities at this time were recorded as having split (S) while those that had not moved all of the brood in to one or both of the cavities were recorded as having failed to emigrate (F).
Each of the 12 colonies was tested under each of the six possible binary combinations of potential cavities in a Latin Squares design. The order in which each colony was exposed to the different combinations was randomized so that no two colonies were treated in the same sequence. At least 6 days were left between the start of successive experiments for each colony. This time gap was implemented to control for colonies potentially gaining experience and improving their performance between successive experiments (Langridge et al. 2004 ). Six colonies were tested simultaneously (colonies A1-6 or B1-6). The position of each arena in the laboratory and the position of the two experimental cavities within each arena was randomized each time. The experiments were conducted between the beginning of April and mid May 2009. Prior to this, the colonies had been used in two trial emigrations.
Statistical analysis
Overall colony nest cavity choices We used two-tailed binomial tests to investigate the overall colony preferences. Only results where colonies had moved into one of the experimental cavities were used (i.e., results where colonies split or failed to emigrate were excluded from the analysis) and so it was assumed that the probability of moving into a particular cavity was 0.5. A Bonferroni correction was applied to the significance level (α′=0.05/6=0.0083) due to there being six different combinations of binary choices. All statistical analyses were conducted using R (R, v. 2.15.1; R Core Team 2012).
Excavated area The mechanism behind the overall preferences was investigated by examining the per capita differences and rates of excavated area. Excavated area was measured using ImageJ (ImageJ, v. 1.44, 2011, Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA). Differences in the per capita excavated area between the cavity types in each combination were investigated using Wilcoxon matched pair tests. Differences were compared for the observation points before initial and final choices. A Bonferroni correction was applied to the significance level (α′=0.05/6=0.0083) due to there being multiple comparisons. The per capita rates of excavation for each cavity type in the different combinations were also calculated. Rates were calculated up until the observation points before both the initial and final choices were made. Results where a choice had been made before the first observation period were excluded in both the excavated area and rates analysis for the initial choice. A logarithmic model best explains the per capita changes in nest area. The rates of excavation for each cavity were therefore calculated by regressing the per capita excavated area against ln time. Ninety-five percent confidence intervals for the rates of accumulation of ants were also calculated for each cavity type in the different combinations.
Number of ants within cavities Estimates of the quorum thresholds were obtained by counting the number of ants within each cavity. The proportions of ants within each cavity were calculated for the observation points before the initial choices were made. This gives minimum estimates of the quorum thresholds. Results where a choice had been made before the first observation point were excluded. The proportions of ants within each cavity in the observation points before the final choice was made were also calculated. Differences in the proportions of ants within the cavities for each combination were compared using Wilcoxon matched pair tests. A Bonferroni correction was applied to the significance level (α′=0.05/6=0.0083) due to there being multiple comparisons. The proportional rates of accumulation of ants within the cavities for each combination were also calculated by regressing the proportion of ants against ln time. Rates were analyzed up until the observation point before the initial choice had been made. Ninety-five percent confidence intervals for the rates of accumulation were also calculated for each nest type in the different combinations.
Individual colony performances Differences in the performances of individual colonies across the binary combinations were quantified by assigning scores for their choices. The magnitudes of the scores are based on the differences in the degree of sorting between alternatives in each combination ( Table 2) . The positive or negative polarity of the score means that colonies consistently choosing the cavity filled with bettersorted sediment will obtain a net positive score of high magnitude whereas colonies consistently choosing the cavity filled with more poorly sorted sediment will obtain a net negative score of high magnitude. In colonies choosing between alternatives at random, the scores will cancel one another out and they will obtain a net score close to zero. Also, colonies that are consistently splitting or failing to emigrate will obtain a net score close to zero. Total scores for each colony were obtained using a downstream summing algorithm. Scores are summed for the combinations where there is a lower degree of difference between alternatives only if the colony had made a clear choice in all the combinations where the differences between the alternatives were greater ( Fig. 2 ; see Electronic supplementary material (ESM) for additional information). The probability of the observed distribution of colony scores occurring by chance was tested using a randomization test in R (see ESM for the script). Randomizations of the observed data were performed in which the scores from each combination were randomly reassigned to the colonies without replacement and the total scores for each colony calculated following the above algorithm. This was repeated 10,000 times. The p value of the test was calculated as the number of colonies, N+1, obtaining a total score of equal to or greater than X, divided by 10,000+1 randomizations, where X was the observed maximum score. Under the null hypothesis, the experimentally observed value is considered to be drawn from a population of equally likely randomized values, hence the addition of one. We used a significance level of 0.05 because Table 2 Scoring system used to quantify the relative performances of individual colonies across the different combinations. The magnitude of the score for when a clear choice is made corresponds to the difference between the sorting values of the alternatives and therefore the relative difficulty with which they should be distinguished
Result Combination
Δsorting value BS PS S F V-P 0.9 +1
BS chose cavity filled with better-sorted sediment, PS chose cavity filled with more poorly sorted sediment, S split, F failed to emigrate our randomization tests were one-tailed, that is either only large values or only small values could provide evidence against the respective null hypothesis.
Differences between the timing of initial choices in the colonies that performed better than the remaining colonies were investigated using Fisher's exact test. The quorum thresholds were also investigated using a Mann-Whitney Utest. In cases where colonies initially split, the lesser proportion of ants within a cavity was taken to give a minimum estimate of the quorum threshold. Colony performance scores are based on all outcomes and so all timings and proportions of ants before the initial choice were analyzed.
Results
Overall colony nest cavity choices
Colonies only demonstrated a statistically significant preference for the cavities filled with very well-sorted sediment over those filled with poorly sorted sediment (two-tailed binomial test, p=0.0039, α′=0.05/6=0.0083). All other combinations, including the combinations of very well-and moderately sorted sediment and well-and poorly sorted sediment, where the alternatives were more closely matched in terms of their sorting value, yielded nonsignificant results (Table 3) .
Excavated area
Initial choices were deemed to have been made when brood items were first moved into a cavity. Final choices were identified as when all brood items and the queen had been moved into one or both experimental nest cavities. There were no significant differences in the per capita excavated areas between the cavities in all combinations at the observation points before the initial choices were made (Fig. 3a) . However, there were significant differences between the per capita excavated area at the observation point before the final choice (Fig. 3b) for the cavities of a pair in the combinations comprising very well-and poorly sorted sediment, very welland well-sorted sediment, and well-and poorly sorted sediment (Wilcoxon matched pair tests, Bonferroni p value adjusted for multiple comparisons; Table 4 ).
There was no overlap between the 95 % confidence intervals for the per capita rates of excavation up until the observation points before both the initial and final choice in the combination of cavities filled with very well-sorted and poorly sorted sediment (Fig. 4) . There was also a small gap between the 95 % confidence intervals for the per capita rates of excavation up until the observation point before the initial choice in the combination of cavities filled with very well-sorted and moderately sorted sediment (Fig. 4a) and up until the observation point before the final choice in the combination of cavities filled with very well-sorted and well-sorted sediment (Fig. 4b) . In all other combinations, there was overlap between the 95 % confidence intervals for the two cavities. Regardless of the combination that it was within, there was overlap among the 95 % confidence intervals of the per capita rates of excavation for each individual cavity type (Fig. 4) .
Number of ants within cavities
The proportion of ants within the cavities at the time of initial choice was significantly different in the combination of cavities filled with very well-sorted and poorly sorted sediment (Wilcoxon matched pairs tests, p value evaluated against a Bonferroni adjusted significance level for multiple Table 4 ). The proportions of ants within the two cavities at the times of both initial and final choice were nonsignificant in all other combinations ( Fig. 5 ; Table 4 ). There was overlap between the 95 % confidence intervals for the proportional accumulation rates of ants for each cavity of a pair in all combinations, except for a small gap between the confidence intervals in the combination of cavities filled with well-sorted and poorly sorted sediment. There was also overlap among the 95 % confidence intervals for the proportional rates of accumulation of ants for each cavity type regardless of the combination that it was within (Fig. 6 ).
Individual colony performances
Six colonies had a total score of +1, three scored 0, and three scored +5 (Table 5) . Nine colonies (75 %) chose the cavity filled with very well-sorted sediment over the one filled with poorly sorted sediment. Following this, only three of those nine colonies (A2, A5, and B1; 33.3 %) consistently chose the cavity filled with better-sorted sediment in the combinations of very well-and moderately sorted, and well-and poorly sorted sediment. No colony consistently chose the cavity filled with better-sorted sediment in the combinations with the least degree of difference in the sorting values between the alternatives. Two colonies were habitual splitters (B3 and B5). A randomization test on the observed data reveals that the probability of obtaining a distribution of scores in which three or more colonies achieve a total score of equal to or greater than +5 is statistically significant (randomization test, one-tailed; 10,000 randomizations; p=0.032; Fig. 7 ). There were significant differences in the timing of the initial choice (Fisher's exact test, p=0.009; Table 6 ) and proportion of ants within the chosen cavities at this time (Mann-Whitney U test, U=556, n 1 =16, n 2 =47, p=0.0034) between those colonies that performed better compared to the other colonies.
Discussion
The results demonstrate that colonies of T. albipennis show a clear preference only for excavating cavities filled with very well-sorted sediment when paired with cavities filled with poorly sorted sediment. The choice is an outcome of a colony-level process whereby the two available nest cavities are excavated in parallel. The mechanism behind the overall preference for cavities filled with very well-sorted sediment over those filled with poorly sorted sediment is the greater 
Nest cavity combination and type a b Fig. 3 Per capita excavated area for each sediment-filled nest cavity type in the different combinations at the observation points before initial choice (a) and after final choice (b) difference between the rates of excavation and accumulation of ants between these two cavity types compared to those between the types in other combinations. There is a significant difference between the numbers of ants within the cavities filled with very well-sorted and poorly sorted sediment before beginning to move brood items into the cavities and a significant difference between the excavated area in the two nest types before committing to a final choice. Previous research on nest excavation in T. albipennis examined choices based on grain size rather than the degree of sorting of the sediment and found that colonies chose cavities filled with coarse-grained sediment over those filled with finegrained sediment or a mixture of the two, and this was the result of a greater excavation rate for the coarse-grained sediment (Aleksiev et al. 2008) . Complementary research on wall building (Aleksiev et al. 2007a, b) suggested, however, that the degree of sorting of the sediment may be an important factor. Walls constructed by T. albipennis incorporated sediment with a range of grain sizes and this resulted in walls comprising heterogeneous, more poorly sorted sediment that conferred increased packing density, mechanical strength, and EI per capita excavated areas at the observation point before initial choice, EF per capita excavated areas at the observation point before final choice, AI proportion of ants within cavities at the observation point before initial choice, AF proportion of ants within cavities at the observation point before final choice a Significant p value at the Bonferroni adjusted significance level for multiple comparisons (α′=0.0083); see "Methods" section for more details Excavation rate ± 95% CI
Nest cavity combination and type a b Fig. 4 Per capita excavation rates and 95 % confidence intervals for each sediment-filled nest cavity type in the different combinations at the observation points before initial choice (a) and after final choice (b). Rates were calculated from the regression of per capita excavated area against ln time. The 95 % confidence intervals were calculated from the standard error of the gradient multiplied by the sample t value 
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Nest cavity combination and type a b Fig. 5 Proportions of ants within each sediment-filled nest cavity type in the different combinations at the observation points before initial choice (a) and after final choice (b) structural integrity. This suggests that colonies may be capable of choosing nest cavities in which the sediment will form a strong enclosing wall.
Our results support the hypothesis of Aleksiev et al. (2008) that the choice arises from the ease and speed with which nest cavities may be excavated and is contrary to evidence from wall-building experiments (Aleksiev et al. 2007a, b) that suggest their choice could be based upon which would form the strongest enclosing wall. Research on nest site choice with empty cavities identified that individual scouts of T. albipennis can assess attributes including floor area, cavity height, entrance width, and darkness and make decisions to begin recruiting to a particular cavity by initiating tandem running (Franks et al. 2003a (Franks et al. , b, 2006 Robinson et al. 2009) . The colony-level choice arises once the quorum threshold of ants within a cavity is exceeded (Pratt et al. 2002) at which point the ants switch from tandem running and the remaining ants, brood, and queen are carried to the new nest cavity. In this sense, there can be a race between alternatives for scouts to recruit additional ants to the cavities until they achieve the quorum threshold. In our experiments, individual scouts became engaged with excavating sediment from both cavities in parallel. Colonies only demonstrated a preference for cavities filled with very well-sorted sediment over those filled with poorly sorted sediment. A colony-level decision arose as to which nest to move into through a race to clear sufficient area and acquire the requisite number of ants to initiate the transport phase of moving. The discrepancies in the rates of excavation and accumulation of ants meant that a clear preference only arose between alternatives in the combination of nest cavities filled with very well-and poorly sorted sediment. These discrepancies resulted in significant differences between the two cavities in the number of ants and excavated area at the times before initial and final choice, respectively. In all other combinations, there is overlap or only a small difference in the rates of excavation and accumulations of ants between the alternatives. This accounts for the lack of an overall preference and the high degree of splitting in these other combinations. It is also consistent with previous findings of high degrees of splitting between empty nest cavities when they have evenly matched characteristics (Franks et al. 2003b) .
A strategy of parallel excavation and a race between alternatives to become habitable is logical in light of the following scenario. In our nest excavation experiments, the colonies do not necessarily know what will be encountered throughout the cavities beyond the sediment that they can interact with initially. For instance, there could be a solid wall behind the first few grains of sediment. The colonies are also exposed and in potential danger while they excavate a Ant accumulation rate ± 95% CI
Nest cavity combination and type Fig. 6 Proportional ant accumulation rates and 95 % confidence intervals for each sediment-filled nest cavity type in the different combinations at the observation points before initial choice. Rates were calculated from the regression of the proportions of ants within a cavity against ln time. The 95 % confidence intervals were calculated from the standard error of the gradient multiplied by the sample t value Table 5 Individual colony choices, corresponding scores, and total scores. The total score for a colony is calculated by summing of the scores awarded, in a downstream order, for each choice in the combinations (see Fig. 2 for explanation)
cavity. In such a scenario, it makes sense to begin digging at both sites and move into a site as quickly as possible. In comparison, in wall construction experiments, the colonies were able to move into open cavities that have a roof (Franks et al. 1992; Franks and Deneubourg 1997; Aleksiev et al. 2007a, b) and so are relatively safe compared to colonies that are exposed while they excavate a cavity. In constructing a wall in an empty cavity with a roof, colonies are less exposed than those needing to excavate a cavity and so they may take more time and use a range of different grain sizes to produce a wall with a high packing density, mechanical strength, and structural integrity. In excavating a cavity, speed is more of the essence. Aleksiev et al. (2008) proposed that the decision of which sediment-filled cavity to move into was based upon the speed and ease with which it could be excavated. However, the rates of excavation were quantified based on each nest type in isolation and not in combination. Our experiments were able to investigate whether there was any effect of the presence of one nest on the rate at which the other was excavated and accumulated ants. For each of the sedimentfilled cavities with a particular degree of sorting in our experiments, the rates of excavation and accumulation of ants do not significantly differ across the various combinations. That is, cavities filled with a particular sediment sample are excavated at the same rate and accumulate ants at the same rate regardless of the nest cavity type with which it is paired. This suggests that there is no direct competition between nest cavities for workers to excavate the nests during the decision-making process. Success in excavating and accumulating ants at one site does not detract from that of the alternative site. Whether it is necessary or not for individual ants to make direct comparisons between alternatives (Robinson et al. 2009 (Robinson et al. , 2011 remains to be fully tested with monitoring of individually marked ants.
Our results suggest a model that, as an ant leaves the destroyed nest in search of an alternative it randomly encounters one of the sediment-filled cavities. The ant then becomes engaged with excavating. The cavities with sediment that can be excavated at a greater rate will be excavated more quickly, creating additional space for further ants to become engaged in excavation. However, this does not detract significantly from the rate at which ants become engaged with excavation at the other cavity. The encounter rates with the cavities may be random but the differential in the rates at which they acquire excavators is governed by the rate at which accommodation space is created for additional ants to become engaged in excavation. Once a certain threshold of ants within a cavity is exceeded, then the brood, queen, and remaining workers are transported to the new nest site. The nest cavities continue to be excavated after the final choice has been made and transport has begun.
Certain colonies demonstrated greater discriminatory ability compared to the other colonies by being able to discriminate and consistently choose between cavities filled with sediments with both the greatest and intermediate differences in their degrees of sorting; while other colonies were poor at making such discriminations or were habitual splitters. This demonstrates interesting among-colony variation (Cole et al. 2010 ) in excavation behavior. A possible mechanism for the differences in colony performance in our experiments is that the quorum thresholds for a particular colony may be higher, compared to those of other colonies. The race between the alternatives therefore runs for longer, and differences in the amount of space that is cleared or number of workers present are more likely to be apparent before the colony commits to a decision. Analysis of the time to the initial choice indicates that those colonies that performed best across the discrimination experiments took longer over their initial choice whereas those that performed more poorly often made choices more quickly. The proportions of ants in the chosen cavities before the initial choices were also significantly different between The arrow indicates the experimentally observed value of three colonies obtaining a score of ≥5. The probability of obtaining a distribution in which three or more colonies achieve a total score of ≥5 is statistically significant (randomization test, one-tailed; 10,000 randomizations; p=0.032) those colonies that performed better and the remainder. Colonies that performed more poorly were observed to have frequently moved brood into a cavity before the first observation period. As such, decisions may have been based more on individual rather than collective decision making, analogous to the speed-accuracy trade-offs identified in empty nest site choice (Franks et al. 2003a ). The colonies that performed better were therefore less likely to make a "mistake" by splitting after moving brood in to both alternatives early on, or moving in to a cavity in which they would find themselves unable to continue to excavate easily and be "hemmed in".
Our experiments demonstrate colonies of T. albipennis chose sediment-filled nest cavities that were easiest to excavate over those where the sediment would make a strong enclosing wall. Alternative potential nest sites were excavated simultaneously and there is no significant effect of one site on the other during the decision-making process. As such, nest excavation and the decision-making process of choosing between sediment filled cavities appears to be purely stigmergic. That is, the activities of an ant in excavating a cavity stimulated additional excavation through the creation of space and there was no need for direct communication between ants. Nest cavities were excavated until sufficient space had been created or the requisite number of ants had accumulated within a nest, at which point the colonies began to move into one or both sites. This mechanism resulted in a colony-level decision of moving into a nest cavity that could be excavated at a significantly greater rate than the alternative or of splitting across more closely matched cavities so that the colony was no longer at risk following destruction of their nest.
